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Corynebacteria grow by wall extension at the cell poles, with
DivIVA being an essential protein orchestrating cell elongation
and morphogenesis. DivIVA is considered a scaffolding protein
able to recruit other proteins and enzymes involved in polar
peptidoglycan biosynthesis. Partial depletion of DivIVA in-
duced overexpression of ¢g3264, a previously uncharacterized
gene that encodes a novel coiled coil-rich protein specific for
corynebacteria and a few other actinomycetes. By partial deple-
tion and overexpression of Cg3264, we demonstrated that this
protein is an essential cytoskeletal element needed for mainte-
nance of the rod-shaped morphology of Corynebacterium glu-
tamicum, and it was therefore renamed RsmP (rod-shaped mor-
phology protein). RsmP forms long polymers in vitro in the
absence of any cofactors, thus resembling eukaryotic intermedi-
ate filaments. We also investigated whether RsmP could be reg-
ulated post-translationally by phosphorylation, like eukaryotic
intermediate filaments. RsmP was phosphorylated in vitro by
the PknA protein kinase and to a lesser extent by PknL. A mass
spectrometric analysis indicated that phosphorylation exclu-
sively occurred on a serine (Ser-6) and two threonine (Thr-168
and Thr-211) residues. We confirmed that mutagenesis to ala-
nine (phosphoablative protein) totally abolished PknA-depen-
dent phosphorylation of RsmP. Interestingly, when the three
residues were converted to aspartic acid, the phosphomimetic
protein accumulated at the cell poles instead of making fila-
ments along the cell, as observed for the native or phosphoabla-
tive RsmP proteins, indicating that phosphorylation of RsmP is
necessary for directing cell growth at the cell poles.

In virtually all bacteria, the peptidoglycan (PG)* cell wall
maintains the shape and integrity of the cell. However, it is less
clear how the shape of the cell wall “sacculus,” and thereby the
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cell itself, is genetically determined to yield a specific morphol-
ogy. Recently, cytoskeletal proteins in the cytoplasm have been
shown to be critical in determining bacterial cell shape and in
controlling the two distinct modes of cell wall assembly, cell
division and cell elongation, in time and space (for reviews see
Refs. 1-3). Septa are organized and positioned at midcell by the
tubulin homologue FtsZ, which forms a cytokinetic ring at the
division site and recruits the various proteins (FtsA, FtsW,
PBPs, etc.) involved in positioning the division septum at this
site (4). Each division event gives rise to two daughter cells that
undergo cell elongation. In most of the well established rod-
shaped models such as Escherichia coli (5), Bacillus subtilis (6),
and Caulobacter crescentus (7), cell elongation occurs by inter-
calation of new PG into the lateral wall along most of its length,
and the poles remain largely inert (8). This elongation requires
the actin homologue MreB, which assembles into a helical
cytoskeleton along the cell (9). Daniel and Errington (10) used
fluorescently labeled vancomycin (Van-FL) staining to visualize
active sites of PG assembly and showed that elongation of the
lateral wall occurred by insertion of new cell wall material in a
helical pattern along the length of the cell and that this pattern
was dependent on the MreB isoform Mbl. Together, these
observations led to a model in which the helical MreB cytoskel-
eton plays a role in organizing or localizing enzymes involved in
cell wall assembly during elongation of the lateral wall, presum-
ably by being linked to the cell wall synthetic machinery via
MreC, MreD, and RodA (1, 11-13).

Although most rod-shaped or filamentous bacteria possess
mreB genes, a second MreB-independent mode of cell elonga-
tion and acquisition of rod shape is present in actinobacteria,
like Corynebacterium glutamicum, Streptomyces coelicolor, and
Mpycobacterium tuberculosis. In agreement with a previous
report in Corynebacterium diphtheriae (14), staining with
Van-FL revealed in C. glutamicum assembly of PG primarily at
the cell poles instead of along the lateral wall (10). Because
corynebacterial genomes lack mreB homologues (15-18), this
polar cell wall elongation must be MreB-independent. Thus, in
the simplest model for polarization of PG assembly in C. glu-
tamicum, components of the cell division machinery would be
sufficient to recruit the enzymes for wall elongation to the new
cell pole. Interestingly, recent reports in C. glutamicum, S.
coelicolor, and M. tuberculosis demonstrated that DivIVA is
involved in apical growth and cell shape determination in these
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TABLE 1
Bacterial strains and plasmids used in this study
Strains or plasmids Genotype or description Sox;{r:fe or

E. coli TOP10 F~ mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15 AlacX74 deoR recAl araD139 Invitrogen
A(ara-leu)7697 galll galK rpsL endA I nupG; used for general cloning

E. coli S17-1 Mobilizing donor strain, pro recA, with an RP4 derivative integrated into the chromosome 71

E. coli BL21(DE3)Star F2 ompT hsdSB(rB2 mB2) gal dcm (DE3); used to express recombinant proteins in E. coli Stratagene

C. glutamicum ATCC 13869 Wild-type control strain ATCC

C. glutamicum R31 C. glutamicum ATCC 13869; derivative used as recipient in conjugations 72

C. glutamicum LACID C. glutamicum R31 derivative carrying a chromosomal copy of divIVA under the control of 23
Plac and a plasmid carrying lacl?

C. glutamicum LAC3264 C. glutamicum R31 derivative carrying a chromosomal copy of ¢g3264 under the control of This work
Plac obtained by integration of plasmid pOJ3264

pOJ260 Mobilizable plasmid containing an E. coli origin of replication and the apramycin 42
resistance gene (am)

pOJ3264int pOJ260 derivate carrying an internal 419-bp fragment of the ¢g3264/rsmP gene from This work
C. glutamicum ATCC 13869

pOJ3264 pOJ260 derivate carrying the 5" end (667-bp) of the cg3264/rsmP gene from C. glutamicum This work
under the control of the Plac promoter

pEAG6 Mobilizable plasmid able to replicate in E. coli and C. glutamicum containing the Pdiv 23
promoter, egfp2, and the kanamycin resistance gene (kan)

pE_RsmP-GFP pEAG6 derivative carrying the wild-type rsmP gene and expressing the wild-type RsmP This work
protein fused to GFP

pE_RsmPA-GFP pEAGS6 derivate carrying an in vitro mutated rsmP gene and expressing a RsmP protein This work
with S6A/T168A/T211A and fused to GFP

pE_RsmPD-GFP PEAGS6 derivate carrying an in vitro mutated rsmP gene and expressing a RsmP protein This work
with S6D/T168D/T211D and fused to GFP

pETPhos pETEV derivative used to express His-tagged proteins 73

pPhosRsmP pETPhos derivative used to express His-tagged wild-type RsmP protein This work

pPhosRsmP_S6A pPhosRsmP derivative used to express His-tagged RsmP protein S6A This work

pPhosRsmP_T168A pPhosRsmP derivative used to express His-tagged RsmP protein T168A This work

pPhosRsmP_T211A pPhosRsmP derivative used to express His-tagged RsmP protein T211A This work

pPhosRsmP_S6D pPhosRsmP derivative used to express His-tagged RsmP protein S6D This work

pPhosRsmP_2A pPhosRsmP_S6A derivative used to express His-tagged RsmP protein S6A/T168A This work

pPhosRsmP_2D pPhosRsmP_S6D derivative used to express His-tagged RsmP protein S6D/T168D This work

pPhosRsmP_3A pPhosRsmP_2A derivative used to express His-tagged RsmP protein S6A/T168A/T211A This work

pPhosRsmP_3D pPhosRsmP_2D derivative used to express His-tagged RsmP protein S6D/T168D/T211D This work

PGEXA PGEX4T-3 derivative used to express GST fusion of PknA cytoplasmic domain 33

pGEXB PGEX4T-3 derivative used to express GST fusion of PknB cytoplasmic domain 33

pGEXL PGEX4T-3 derivative used to express GST fusion of PknL cytoplasmic domain 33

organisms (19-23). The DivIVA proteins are predicted to have
a high proportion of coiled-coil structure and able to form olig-
omers with a filamentous structure required for DivIVA func-
tion (24 -26).

Actin, tubulin, and intermediate filaments (IFs) constitute
the eukaryotic cytoskeleton, responsible, among others factors,
for cell shape in higher organisms. Actin-like (MreB, ParM, and
MamK) and tubulin-like (FtsZ) proteins have been identified in
bacteria and are considered responsible for the multitude of cell
shapes encountered in the prokaryotes (27). However, less
information is available concerning IF-like elements in bacte-
ria. The first IF protein described in prokaryotes was crescentin
(CreS) (28), responsible for the specific cell shape of C. crescen-
tus as mutants lacking CreS showed straight-rod morphology.
Bagchi et al. (29) demonstrated the existence of another IF pro-
tein (FilP or SCO5396) forming cytoskeletal structures in S.
coelicolor, which were involved in the mechanical strength of
the hyphae and required for normal growth and morphogene-
sis. In addition, Waidner et al. (30) showed that the helical
shape of the human pathogen Helicobacter pylori was depen-
dent on coiled-coil-rich proteins (Ccrp59 and Ccrpl143),
which form filamentous structures in vitro and in vivo. Inter-
estingly, CreS, FilP, and eukaryotic IF proteins share a central
“rod domain” of four alternating coiled-coil segments and link-
ers, flanked by more globular head (N-terminal) and tail (C-ter-
minal) domains, with the rod domain being essential for fila-
ment formation (31). In contrast, Ccrps are almost entirely
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composed of coiled coils and lacks the characteristic head and
tail domains (30). The most important feature of coiled-coil
domains appears to be their ability to act as a “cellular Velcro”
to hold together molecules, subcellular structures, and even
tissues in higher organisms.

In this study, we identified and characterized a novel
cytoskeletal protein that constitutes an essential component of
the corynebacterial cytoskeleton and that is also present in all
corynebacterial genomes already sequenced, as well as in a few
number of actinomycetes. The protein, originally named as
Cg3264 and now renamed RsmP (rod-shaped morphology pro-
tein) for its role in rod shape determination, is essential for C.
glutamicum viability, can form filaments both in vivo and in
vitro, and is regulated via serine/threonine kinase phosphory-
lation. To our knowledge, this work represents the first evidence
of a corynebacterial cytoskeletal protein regulated by phosphor-
ylation, thus demonstrating that C. glutamicum possesses an
original and specific system for establishing and maintaining
rod-shaped morphology.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Growth Conditions, and Conjugal Plasmid
Transfer from E. coli to C. glutamicuim—Bacterial strains and
plasmids are described in Table 1. Strains used for cloning and
expression of recombinant proteins were E.coli TOP10
(Invitrogen) and E. coli BL21(DE3)Star (Stratagene), respec-
tively. E. coli was grown and maintained at 37 °C in LB medium
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TABLE 2
Primers used in this study
Restriction sites are underlined. Mutated codons are in boldface.

Primer 5’ to 3’ Sequence”
¢g3264intl CGGAATTCAGATAAGTCCGCAAC (EcoRI)
¢g3264int2 CTATAAGCTTCGGACTGCGCAATC (HindIIl)
3264lacl CGGAATTCAATGGCTAATCCGC (EcoRI)
€g3264-1 GGAATTCCATATGGCTAATCCGCTCAGCAAG (Ndel)
cg3264-2ns GGAAT TCCATATGTTTCTTCTCGGACTC (Ndel)
€g3264-2 CGGGATCCTTATTTCTTCTCGGACTC (BamHI)
N-RsmP6A ATG GCT AAT CCG CTC GCC AAG GGC TGG AAG TAT CTC
C-RsmP6A GAG ATA CTT CCA GCC CTT GCC GAG CGG ATT AGC CAT
N-RsmP6D ATG GCT AAT CCG CTC GAC AAG GGC TGG AAG TAT CTC
C-RsmP6D GAG ATA CTT CCA GCC CTT GTC GAG CGG ATT AGC CAT
N-RsmP168A AAG ATG CAG GAA AGT GTC GCT AAG TCT ATG GAT TCT TTG
C-RsmP168A CAA AGA ATC CAT AGA CTT AGC GAC ACT TTC CTG CAT CTT
N-RsmP168D AAG ATG CAG GAA AGT GTC GAT AAG TCT ATG GAT TCT TTG
C-RsmP168D CAA AGA ATC CAT AGA CTT ATC GAC ACT TTC CTG CAT CTT
N-RsmP211A CAG GAA CTT ACC CAG AAC GCT GTT AGT GAT CGC ATG GCT
C-RsmP211A AGC CAT GCG ATC ACT AAC AGC GTT CTG GGT AAG TTC CTG
N-RsmP211D CAG GAA CTT ACC CAG AAC GAT GTT AGT GAT CGC ATG GCT
C-RsmP211D AGC CAT GCG ATC ACT AAC ATC GTT CTG GGT AAG TTC CTG

supplemented with 100 wg/ml ampicillin, 50 wg/ml apramycin,
or 50 ug/ml kanamycin when required. C. glutamicum was
grown at 30 °C in trypticase soy broth (Oxoid) or trypticase soy
broth containing 2% agar medium supplemented with 12.5
png/ml apramycin and/or 12.5 wg/ml kanamycin when needed.
Plasmids to be transferred by conjugation from E. coli to
corynebacteria were introduced by transformation into the
donor strain E. coli S17-1. Mobilization of plasmids from E. coli
S17-1 to C. glutamicum R31 was accomplished as described
previously (32).

Two-dimensional Gel Electrophoresis—Wild-type C. glu-
tamicum R31 and LACID strains (Table 1) were grown to early
stationary phase. Cells were harvested, washed twice with 10
mMm Tris-HCI, pH 8, and resuspended in lysis buffer (10 mm
Tris-HCI, pH 8, 5 mm EDTA, and 100 mm DTT), and antipro-
tease mixture (Roche Applied Science). C. glutamicum was dis-
rupted using Fast PROTEIN Blue Lysing Matrix (Qbiogene,
Carlsbad, CA, USA) and the BIO101 Thermo Savant FastPrep
FP120 (Qbiogene Inc.). The lysate was cleared by centrifugation
at 14,000 rpm for 30 min at 4 °C. Approximately 150 ug of total
soluble proteins were loaded onto a 7-cm Immobiline™™ strip
(Bio-Rad, pH 4-7) and electrophoresed in a Protean IEF cell in
the first dimension and on a 10% SDS-PAGE in the second
dimension. Proteins were identified by mass spectrometry
using an Ultraflex III MALDI-TOF (Bruker Daltonics) and the
software Flex-Analysis and Biotools (Bruker Daltonics).

Construction of Plasmids for C. glutamicum Manipulations—
An internal fragment of ¢g3264 was amplified from the C.
glutamicum ATCC 13869 chromosome using primers
cg3264int1/cg3264int2 (Table 2). The amplified 419-bp frag-
ment was EcoRI/HindIII-digested and subcloned in the suicide
plasmid pOJ260, yielding pOJ3264int (Table 1). To reduce
expression of ¢g3264 in C. glutamicum, a plasmid was designed
to place the copy of ¢g3264 under the control of the Plac pro-
moter. The first 667 bp of ¢g3264 were amplified by PCR using
3264lac1/3264int2 primers (Table 2), digested with EcoRI and
HindIIl, and subcloned in the pOJ260 plasmid, yielding
pOJ3264 (Table 1). Genetic constructs of C. glutamicum
transconjugant strains were confirmed by PCR and Southern
blot hybridization, using probes obtained by PCR amplification
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and labeled with digoxigenin according to the manufacturer’s
instructions (Roche Applied Science). To study localization of
the Cg3264/RsmP protein in C. glutamicum, cg3264 mutated
gene copies were PCR-amplified without stop codons using the
€g3264-1/cg3264-2ns primer pair. The PCR product was Ndel-
digested and cloned into the bifunctional mobilizable vector
pEAGS®, yielding the vectors pE_RsmP-GFP, pE_RsmPA-GEFP,
and pE_RsmPD-GFP (Table 1). The pEAG6 vector was used to
clone any gene under control of the Pdiv promotor and fused to
the egfp2 gene (encoding an enhanced green fluorescent pro-
tein) (23).

Cloning, Expression, and Purification of Cg3264 Proteins—
First, ¢g3264 was cloned to generate a recombinant protein
expressed in E. coli. Then ¢g3264 was amplified by PCR using C.
glutamicum ATCC 13869 genomic DNA as a template and the
primer pair cg3264-1/cg3264-2 (Table 2), containing Ndel and
BamHI restriction sites, respectively. The 876-bp amplified
product was digested with Ndel and BamHI and ligated with
the pETPhos vector generating pPhosRsmP (Table 1). E. coli
BL21(DE3)Star cells transformed with this construct were used
for expression and purification of His,-tagged RsmP under
native conditions with nickel-nitrilotriacetic acid resin (Qia-
gen) as described previously (33, 34). To purify the protein
under denaturing conditions, 8 M urea was used as described in
the Qiagen user manual.

Production of Antibodies against RsmP and Protein Quantifica-
tion—The native His-tagged RsmP was used to immunize male
rabbits (Speedy 28-day Rabbit Programme, Eurogentec) for the
production of polyclonal anti-RsmP antibodies. The resulting
polyclonal antibodies specifically recognized a protein of 43
kDa, the expected size of RsmP. To quantify RsmP, total pro-
teins from C. glutamicum were quantified by Bradford. Pro-
teins (1 pg) were separated by SDS-PAGE and stained with
Coomassie Blue or electroblotted onto polyvinylidene difluo-
ride membranes (Millipore); the latter was immunostained
with a 1:10,000 dilution of rabbit polyclonal antibodies raised
against His tags (Santa Cruz Biotechnology) and with poly-
clonal antibodies raised against purified His-tagged RsmP (see
above). Anti-rabbit immunoglobulin G-alkaline phosphatase
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(Santa Cruz Biotechnology) was used as the secondary antibody
at a 1:10,000 dilution.

In Vitro Filament Formation and Electron Microscopy—In
vitro polymerization experiments were performed using the
cross-linking agent dimethyl 3,3'-dithiobispropionimidate
(DTBP) (Pierce). The proteins purified under native conditions
in 50 mm NaH,PO, and 300 mm NacCl buffer, were incubated
with 10 times molar excess of DTBP for 15 or 30 min at room
temperature. The polymerization reaction is reversible by the
addition of 1 mum dithiothreitol at 37 °C for 30 min. To stop the
reaction, 1 M Tris-HCI, pH 8.0, was added. Proteins were sepa-
rated on a 12% SDS gel, electroblotted onto polyvinylidene
difluoride membranes (PVDF, Millipore), and detected using
anti-His antibodies at 1:10,000. Alkaline phosphatase antibody-
conjugated anti-rabbit was used as a secondary antibody at a
1:10,000 dilution. To induce filament formation, protein sam-
ples purified under denaturing conditions were dialyzed against
a buffer containing 10 mm Tris-HCI with 150 mm NaCl at pH
7.0, overnight at 4 °C. The dialyzed samples were applied to
carbon-coated grids, stained with 1% uranyl acetate, and
observed by transmission electron microscopy.

In Vitro Kinase Assays—In vitro phosphorylation was per-
formed with 2 pug of RsmP in 20 ul of buffer P (25 mm Tris-HCl,
pH 7, 1 mwm dithiothreitol, 5 mm MgCl,, 1 mm EDTA) with 200
wCi/ml [y-**P]ATP corresponding to 65 nm (PerkinElmer Life
Sciences, 3000 Ci/mmol) and 0.5 pg of kinase. Plasmids
pPGEXA, pGEXB, and pGEXL (Table 1) were used for expres-
sion and purification in E. coli of the recombinant STPKs from
C. glutamicum as described previously (33). After a 15-min
incubation, the reaction was stopped by adding sample
buffer and heating the mixture at 100 °C for 5 min. The reac-
tion mixtures were analyzed by SDS-PAGE. After electro-
phoresis, gels were soaked in 20% trichloroacetic acid for 10
min at 90 °C, stained with Coomassie Blue, and dried. Radio-
active proteins were visualized by autoradiography using
direct exposure films.

Mass Spectrometry Analysis—Purified wild-type and mutant
RsmP proteins were subjected to in vitro phosphorylation by
GST-tagged PknA as described above, except that [y-**P]ATP
was replaced with 5 mm ATP. Subsequent analyses using
nanoLC/nanospray/tandem mass spectrometry (LC-ESI/MS/
MS) were performed as described previously (33).

Site-directed Mutagenesis—The three residues from C. glu-
tamicum RsmP identified by mass spectrometry after in vitro
phosphorylation with GST-tagged PknA were independently
replaced by alanine residues by site-directed mutagenesis using
inverse PCR amplification. A first PCR was carried out using
pPhosRsmP (Table 1) as a template with the primer pair
N-RsmP6A/C-RsmP6A (Table 2) to generate pPhosRsmP_S6A
(S6A). The second and third mutants were obtained using
pPhosRsmP as template with the primer pairs N-RsmP168A/
C-Rsm168A and N-RsmP211A/C-Rsm211A (Table 2) to gen-
erate pPhosRsmP_T168A (T168A) and pPhosRsmP_T211A
(T211A), respectively (Table 1). pPhosRsmP was also used as
template with the primer pair N-RsmP6D/C-RsmP6D (Table 2)
to replace the serine 6 by aspartic acid yielding pPhosRsmP_
S6D (S6D) (Table 1). A new PCR was carried out using
pPhosRsmP_S6A and pPhosRsmP_S6D plasmids (Table 1) as
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template with the primer pairs N-RsmP168A/C-Rsm168A
and N-RsmP168D/C-RsmP168D (Table 2) to generate
pPhosRsmP_2A (S6A/T168A) and pPhosRsmP_2D (S6D/
T168D). These mutants were used as a template in another
PCR using the primer pairs N-RsmP211A/C-Rsm211A and
N-RsmP211D/C-RsmP211D (Table 2), yielding pPhosRsmP_
3A (S6A/T168A/T211A) and pPhosRsmP_3D (S6D/T168D/
T211D), respectively. All the resulting constructs were verified
by DNA sequencing. The different His-tagged mutant proteins
were overexpressed and purified as described above.

Microscopy—Living C. glutamicum or stained cells with fluo-
rescent dyes were observed in a Nikon E400 fluorescence
microscope. Pictures were taken with a DN100 Nikon digital
camera. Vancomycin BODIPY FL (Van-FL, Molecular Probes)
staining was performed by adding an equal portion of unla-
beled vancomycin and Van-FL to growing cultures at a final
concentration of 1 ug/ml (10). The culture was then incu-
bated for 5 min to allow adsorption of the antibiotic, after
which the cells were viewed directly by fluorescence micros-
copy. Staining with 4’,6-diamino-2-phenylindole (DAPI) was
performed as described previously (35).

RESULTS

Coccoid C. glutamicum DivIVA-depleted Cells Showed In-
creased Expression of a Novel Coiled-coil Protein—Previously,
we constructed a C. glutamicum LACID strain, expressing low
levels of DivIVA (23). This strain presented a coccoid pheno-
type that was morphologically different from the rod-shaped
cells of the parental strain C. glutamicum R31. The total cyto-
plasmic proteins synthesized by C. glutamicum R31 (parent
strain) and C. glutamicum LACID (DivIV A partially depleted C.
glutamicum, Table 1) were characterized by two-dimensional
gel electrophoresis; representative gels depicting a consistent
pattern of the protein profiles are shown in Fig. 1A. Fifteen
proteins of various molecular sizes appeared to be over- or
underexpressed in C. glutamicum LACID compared with the
R31 parental strain (Fig. 1B).

Among the 13 underexpressed proteins, 10 could be identi-
fied by peptide mass mapping technique as alkyl hydroperoxi-
dase (Cg2674), isocitrate lyase (Cg2560), CoA-transferase
(Cg2623), N-acetylglutamate synthase (Cg2382), fructose-
biphosphate aldolase (Cg3068), phosphoglyceromutase (Cg0482),
thioredoxin domain-containing protein (Cg0792), phospho-3-
sulfolactate synthase (Cg2797), MraZ (Cg2378), and a ferritin-
like protein (Cg2782). Apart from MraZ, which is encoded by
the first gene of the bacterial dew (division and cell wall biosyn-
thesis) cluster with its promoter (Pmra) responsible for the
transcription of nine genes of the cluster (36), the remaining
identified proteins were involved in central metabolic path-
ways. These results indicate that partial depletion of DivIVA in
C. glutamicum represses expression of mraZ and probably the
expression of downstream genes involved in cell division and
PG biosynthesis, which were not detected/identified in our
two-dimensional gel analysis.

In contrast, three proteins appeared to be overexpressed in C.
glutamicum LACID, but only one (Cg3264) was positively iden-
tified as a protein similar to the phage shock protein A (PspA,
Cg2151). Antibodies raised against Cg3264 confirmed that this
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FIGURE 1. A, two-dimensional gel electrophoresis of proteins obtained from C. glutamicum R31 (wild type) and the partially depleted DivIVA strain (LACID).
Arrows indicate proteins unequally expressed in WT and LACID strains. B, expression levels of unequally expressed protein between LACID and WT strains. Bar
1, alkyl hydroperoxidase (Cg2674); bar 2, isocitrate lyase (Cg2560); bar 3, RsmP (Cg3264); bar 4, CoA-transferase (Cg2623); bar 5, N-acetylglutamate synthase
(Cg2382); bar 6, fructose-biphosphate aldolase (Cg3068); bar 7, phosphoglyceromutase (Cg0482); bar 8, thioredoxin domain-containing protein (Cg0792); bar
9, phospho-3-sulfolactate synthase (Cg2797); bar 10, MraZ (Cg2378); and bar 11, ferritin-like protein (Cg2782). C, RsmP expression levels. The various RsmP
levels of the C. glutamicum R31 (wild type) strain and partially depleted DivIVA strain (LACID) were analyzed by immunoblotting using rabbit anti-RsmP
antibodies. Cells were grown, harvested, and disrupted. Equal amounts (1 ng) of crude lysates were then loaded onto an acrylamide gel, subjected to

electrophoresis, and transferred onto a membrane for immunoblot analysis.

protein was overexpressed in the LACID mutant (Fig. 1C). Both
PspA and Cg3264 belong to the Pfam/InterPro family of PspA/
IM30 (PF04012/IPR007157) proteins that putatively suppress
o54-dependent transcription (37) and could play a role in
maintaining cytoplasmic membrane integrity and/or the pro-
ton-motive force (38). PspA and the PspA-like protein Cg3264
correspond to 2 of the 37 coiled-coil proteins present in the
genome of C. glutamicum. Exhaustive analysis of the PspA/
IM30 protein family in actinomycetes revealed authentic PspA
proteins in all the sequenced actinomycete genomes, although
Cg3264 homologues were found exclusively in corynebacterial
genomes (Fig. 2) and not in those of Mycobacterium species.
Only a few Streptomyces species (Streptomyces sp. Mgl, Strep-
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tomyces griseus, and Streptomyces pristinaspiralis) contained a
Cg3264 homologue.

Interestingly, Cg3264 has a secondary structure rich in
a-helical regions according to the program PSIPRED (39),
which are predicted to contain a central rod domain of two
coiled-coil segments (containing several heptad repeat regions)
(Program PAIRCOIL (40)) as well as a linker lacking a coiled-
coil structure (Fig. 3). Moreover, Cg3264 contains two stutters
(41), where coiled-coil 2 is clearly interrupted for a few amino
acids at the beginning and end of the coiled coil, and the rod
domain is flanked by head and tail domains lacking the coiled-
coil region and a-helical structures. Therefore, based on the
facts that the Cg3264 protein is characteristic of corynebacte-
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RsmP Cg3264 C. glutamicum

— A4QI14 C. glutamicum R
Q8FLQ7 C. efficiens

C4LGE9 C. kroppenstedtii

Q4JSH3 C. jeikeium

B1VIY7 C. urealyticum

CODZCS5 C. matruchotii
CcoXQwz2 C. lipophiloflavum

L] _: C2CPL2C. striatum
C3PKC1 C. aurimucosum

Q6NEJ1 C. diphtheriae
COVSS6 C. glucuronolyticum

{ C2BLK7 C. pseudogenitalium
COWH28 C. accolens

ing the pOJ-3264int vector (Table
1). This plasmid was introduced
into E. coli S17-1 and the transfor-
mant mated with C. glutamicum
R31. Apramycin-resistant transcon-
jugants could not be obtained with
pOJ-3264int after many attempts,
suggesting that ¢g3264 is essential
for the viability of C. glutamicum.
Because the genes located immedi-
ately downstream and upstream of
cg3264 are transcribed in the oppo-
site direction to ¢g3264, a possible
polar effect on adjacent gene ex-
pression by insertion of pOJ-

PspA

COWKQ2 C. accolens
C2BPO07 C. pseudogenitalium.
C3PGZ5 C. aurimucosum
C2CNZ5 C. striatum
C4LJ60 C. kroppensteditii
B1VDD1 C. urealyticum
Q4JV72 C. jeikeium
CO0XSG8 C. lipophiloflavum
COVVJS C. glucuronolyticum
COE2J9 C. matruchotii
Q6NGQ3 C. diphtheriae
Q8FPCS8 C. efficiens
A4QEW9 C. glutamicum R
PspA C. glutamicum

3264int was discounted. We there-
fore constructed a conditional gene
expression strain using the Plac
promoter, which allows regulation
of the expression of essential genes
in C. glutamicum (43). C. glutami-
cum was transformed with the
suicide plasmid pOJ3264 (Plac-
cg3264) (Table 1), which, when
introduced into C. glutamicum,
could integrate by homologous
recombination into the chromo-
somal ¢g3264 locus, thus disrupting
the ¢g3264 gene under its natural
promoter and creating a full-length

b
0.05

copy under control of the Plac pro-

FIGURE 2. Evolutionary relationships of PspA- and RsmP-like proteins in 14 complete corynebacterial
genomes. The evolutionary history was inferred using the Neighbor-Joining method (68). The optimal tree
with the sum of branch lengths = 4.00209249 is shown. The tree is drawn to scale, with branch lengths in the
same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary dis-
tances were computed using the Poisson correction method (69) and are in the units of the number of amino
acid substitutions per site. All positions containing gaps and missing data were eliminated from the dataset
(complete deletion option). There were 218 positions in the final dataset. Phylogenetic analyses were con-
ducted in MEGA4 (70).

S6 T168

[

164

Head —
Rod Domain

T211

Cg3264

291
Tail

FIGURE 3. Schematic representation of the head, rod domain, and tail regions of the wild-type RsmP
protein from C. glutamicum. The rod domain contains two coiled coils (Coil 7 and Coil 2) separated by a linker;
two discontinuities (stutters) are present in Coil 2. Phosphorylation sites of RsmP (Ser-6, Thr-168, and Thr-211)

moter. Southern blot analysis of
DNA from the transconjugant
strain C. glutamicum LAC3264
(Table 1) showed the expected pat-
tern for Campbell-type integration
of pOJ3264 at the chromosomal
cg3264 locus (data not shown).

The phenotype of this condi-
tional mutant was investigated to
define the function of the Cg3264
protein. Interestingly, the coccoid
morphology of this mutant seems to
be similar to the one obtained when
the level of the essential protein
DivIVA was depleted (Fig. 44) (23),

are indicated.

rial genomes and was overexpressed in the DivIVA-depleted C.
glutamicum LACID strain, and that DivIVA is also a coiled-coil
protein involved in polar growth (23), we hypothesized that the
Cg3264 protein could also be involved in cell division or cell
elongation in corynebacteria.

Cg3264 Is Essential and Involved in C. glutamicum Polar
Growth—To investigate whether cg3264 was necessary for the
growth and viability of C. glutamicum, we attempted gene dis-
ruption experiments using an internal fragment of ¢g3264
cloned into the conjugative suicide plasmid pOJ260 (42) yield-
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and the typical polar and septal
Van-FL staining shown by the wild-
type C. glutamicum R31 (23) was lost in the C. glutamicum
LAC3264 strain (data not shown). On the other hand, antibod-
ies raised against Cg3264 confirmed that this protein was
underexpressed in C. glutamicum LAC3264 (Fig. 4B). There-
fore, Cg3264, previously of unknown function, was renamed
RsmP for rod-shaped morphology protein.

RsmP Forms Filamentous Structures in Vivo—RsmP is a pro-
tein predicted to form coiled coils (44), and coiled-coil proteins
are the main structural elements of many fibrous proteins in
eukaryotes (41, 45) and prokaryotes (27). Therefore, based on
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LAC3264

Overexpression

R31
43 kDa — -

LA3264 Overexpression

FIGURE 4. A, effect of RsmP depletion on cell shape and polar growth of C.
glutamicum. Phase-contrast microscopy of exponentially growing C. glutami-
cum R31 (wild type), C. glutamicum LAC3264 cells, and C. glutamicum overex-
pressing RsmP are shown. Note that the typical morphology of C. glutamicum
R31 was replaced by a coccoid morphology (no polar growth) in strain
LAC3264 and replaced by club-shaped cells after overexpressing RsmP. Bar
represents 1 um. B, RsmP expression levels. The various RsmP levels of the C.
glutamicum R31 (wild type), C. glutamicum LAC3264 cells, and C. glutamicum
overexpressing RsmP were analyzed by immunoblotting using rabbit anti-
RsmP antibodies. Cells were grown, harvested, and disrupted. Equal amounts
(1 ng) of crude lysates were then loaded onto an acrylamide gel, subjected to
electrophoresis, and transferred onto PVDF membranes for immunoblot
analysis.

the conditional mutant phenotype showing that RsmP
(Cg3264) is involved in polar growth or rod-shaped determina-
tion, we hypothesized that RsmP could support cell shape by
forming intracellular filaments or a bacterial cytoskeleton like
CreS, FilP, or Ccrp (29, 30, 46). To test this hypothesis, we
cloned rsmP into the E. coli/corynebacterial shuttle plasmid
pEAG6 designed to easily clone and overexpress any promot-
erless gene under the control of the Pdiv promoter and fused to
egfp2 (23), thus generating pE_RsmP-GFP. Then, when this
plasmid was introduced into C. glutamicum, the cells showed a
club-shaped morphology (Fig. 44) similar to that in DivIVA-
overexpressing strains (19, 23) and RsmP-GFP proteins local-
ized as long filaments along the cell (Fig. 5). This suggested that
RsmP formed helical/filamentous structures in vivo extending
from one pole to the other at a cellular location consistent with
a possible and essential cytoskeletal function, and therefore in
accordance with our results showing that RsmP was indeed
involved in determining rod-shaped morphology.

RsmP Forms Filamentous Structures in Vitro—RsmP was
able to form filamentous structures in vivo, as observed with
GFP localization. We therefore tried to confirm RsmP function
as a cytoskeletal protein and whether RsmP could form fila-
ments in vitro. First, we used a polyhistidine-tagged version of
RsmP (His-RsmP) purified from E. coli by affinity chromatog-
raphy, but most of the protein was present in inclusion bodies,
a typical characteristic of IFs (45, 47). This was solved by over-
night incubation of the overexpressing E. coli strain at 17 °C,
and the soluble RsmP proteins were purified and used in an “in
vitro” polymerization assay using the cross-linking agent DTBP
widely used to study the polymerization of eukaryotic IF pro-
teins (48 -50). His-RsmP was incubated in the presence of
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Phase contrast GFP-fluorescence Overlay

FIGURE 5. Left panel, phase contrast; middle panel, GFP fluorescence, and right
panel, overlay of phase contrast and GFP fluorescence images of C. glutami-
cum carrying plasmid pE_RsmP-GFP. Note that the typical rod-shaped mor-
phology of C. glutamicum was replaced by club-shaped cells,and RsmP-GFP is
forming helical/filamentous structures along the cell.

DTBP, and the reaction was stopped after 15 or 30 min by
adding 1 M Tris-HCI, pH 8. The reaction product was loaded
onto an SDS-PAGE and detected by Western blot using com-
mercial anti-histidine antibodies. As shown in Fig. 64, His-
RsmP formed dimers, trimers, and tetramers in the presence of
DTBP. Furthermore, the polymerization reaction was reversed
by adding 100-150 mwm dithiothreitol (DTT) at 37 °C for 30
min, confirming the specificity of the polymerization reaction
(Fig. 6A).

To further confirm the ability of RsmP to form filamentous
structures in vitro, we used a complementary strategy. In fact,
most IF proteins have the ability to form filaments in vitro with-
out divalent cations, nucleotides, or other exogenous factors
(47). Because of the high insolubility of IFs, in vitro assembly
first requires the solubilization of the IF protein in a strong
denaturating agent, and filaments are obtained after dialyzing
the protein against physiological or low ionic strength buffers at
a neutral pH (51). This was the method used to demonstrate
that CreS from C. crescentus and FilP from S. coelicolor formed
filamentous structures in vitro (28, 29). Therefore, we purified
RsmP under strong denaturating conditions (8 M urea), and
once purified, RsmP was spontaneously able to self-assemble
into filaments after removal of urea by several dialysis steps.
The filaments formed were confirmed by transmission electron
microscopy (Fig. 7); they appeared similar to the filaments
described for the Ccrp59 (coiled-coil rich proteins) from H.
pylori (30). RsmP formed straight and branched filamentous
structures measuring on average 2000 nm long and 50 nm
diameter, thus definitively confirming its function as a cytoskel-
etal protein.

RsmP Is Preferentially Phosphorylated by the Ser/Thr Protein
Kinase Cg_PknA—Eukaryotic IF proteins can occasionally be
regulated post-translationally by glycosylation or phosphoryla-
tion (41, 52). Indeed, phosphorylation on their head and tail
domains as well as the dynamics of their phosphorylation/de-
phosphorylation play a major role in regulating the assembly/
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FIGURE 6. A, in vitro polymerization assay of the wild-type His-tagged RsmP
from C. glutamicum using the cross-linking agent DTBP. Protein RsmP was
incubated for 15 or 30 min in the presence of a 10 times molar excess of DTBP,
and the reaction was stopped by adding 1 m Tris. Proteins were separated on
a 12% SDS gel, electroblotted onto PVDF membranes (Millipore), and
detected using anti-His antibodies. The specificity of the polymerization reac-
tion was tested by treatment with 100 mm DTT. Note the formation of dimers,
trimers, and tetramers in the presence of DTBP. B, in vitro polymerization
assays of the His-tagged wild-type RsmP protein, the His-tagged RsmP pro-
tein S6A/T168A/T211A (phosphoablative protein), and the His-tagged RsmP
protein S6D/T168D/T211D (phosphomimetic protein). Note that mutant pro-
teins can also form dimers, trimers, and tetramers in the presence of DTBP.

disassembly of these filaments and consequently their func-
tions (53). As RsmP shares characteristics of IF elements, we
investigated whether RsmP could be post-translationally mod-
ified by phosphorylation via the STPKs present in the genome
of C. glutamicum (33). The kinases Cg_PknA, Cg_PknB, and
Cg_PknL from C. glutamicum were expressed as GST-tagged
fusion proteins and purified from E. coli as reported earlier (33).
Each of the purified kinases was incubated with RsmP and
[y-**P]ATP and resolved by SDS-PAGE, and their phosphory-
lation profiles were analyzed by autoradiography. The presence
of an intense radioactive signal indicated that RsmP was pref-
erentially phosphorylated by Cg_PknA (Fig. 84), and to a lesser
extent by Cg_PknL, although no signal was observed in the
presence of Cg_PknB. These results clearly indicated that RsmP
is a specific substrate and interacts with C. glutamicum STPKs
in vitro, suggesting that this key protein controlling rod-shaped
morphology might be regulated in corynebacteria by multiple
extracellular signals.

RsmP Is Phosphorylated on Ser and Thr Residues—To iden-
tify which residues of RsmP corresponded to the phosphory-
lated site(s), a mass spectrometric approach was used. RsmP
was incubated with cold ATP in the presence of Cg_PknA (the
most active kinase for RsmP, see Fig. 84) and subjected to mass
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FIGURE 7. A, control with no protein. B-D, transmission electron micro-
graphs of negatively stained filaments formed by purified RsmP. Size bars
represent 2 um for A and C, 0.5 um for B, and 100 nm for D. The average
size of the filaments is 2000 nm long and 50 nm diameter. Note the bundle
of filaments in D.

spectrometric analysis after tryptic and chymotryptic digestion,
as described previously (34). Analysis of tryptic and chymotryp-
tic digests allowed the characterization of three phosphoryla-
tion sites in RsmP corresponding to Ser-6, Thr-168, and Thr-
211, which lie outside the coiled-coil regions (Table 3 and Fig.
3). Definitive identification of the Ser-6, Thr-168, and Thr-211
residues identified by mass spectrometry was achieved by suc-
cessive site-directed mutagenesis by introducing mutations
that prevented their specific phosphorylation. Thus, all three
residues were replaced by alanine, yielding the mutant
RsmP_S6A/T168/T211A. This mutant protein (phosphoabla-
tive mutant) was expressed in E. coli, purified, and incubated
with [y-*>*P]JATP and Cg_PknA (Fig. 8B). Phosphorylation of
the phosphoablative mutant protein appeared to be completely
abolished, confirming the identification of all three sites of
phosphorylation. An additional round of mass spectrometric
analysis was also performed directly on the Ala mutant protein,
which failed to identify any additional phosphate group.

RsmP Phosphorylation Negatively Regulates Filament Forma-
tion—Phosphorylation of IFs have been reported to block
vimentin and desmin polymerization in vitro as well as to dis-
assemble pre-existing filaments (54, 55). To investigate the con-
sequences of phosphorylation on RsmP filament forming activ-
ity, Ser-6, Thr-168, and Thr-211 residues were replaced by
aspartic acid residues able to mimic the phosphorylated iso-
form of the protein, generating the RsmP_S6D/T168D/211D
protein (phosphomimetic mutant) (56 —59). The three RsmP
alleles (wild-type, phosphoablative, or phosphomimetic) were
expressed in E. coli, purified, and used in in vitro cross-linking
experiments. As showed in Fig. 6B, the three proteins could
form dimers, trimers, and tetramers in the presence of DTBP,
suggesting that phosphorylation did not affect the polymeriza-
tion activity of RsmP. However, for the eukaryotic IF vimentin,
phosphorylation in the N-terminal head domain induced dis-
assembly of vimentin filaments and resulted in the release of
tetrameric subunits (60), thus leading to the conclusion that
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phosphorylation does not affect the formation of tetramers but
the assembly of tetramers into filaments. Therefore, we hypoth-
esized that RsmP might behave in a similar way. The three alle-
les were cloned into pEAG6 to obtain the three enhanced GFP
fusions, which were introduced into C. glutamicum and
observed by fluorescence microscopy. As shown in Fig. 9,
RsmP, corresponding to the phosphomimetic protein, leads to
the loss of protein localization along the cell and concentration
at the poles, although the phosphoablative mutant showed a
similar localization as in the wild type. These results demon-
strate that modification of the phosphorylation sites by phos-
phomimetic residues affects localization in a manner consistent
with control of localization by phosphorylation and thus con-
firmed the critical role of phosphorylation in regulating RsmP
localization within the cell.

DISCUSSION

In all actinobacteria studied, cell elongation occurs at the cell
poles and is supported by the coiled coil-rich protein DivIVA
(19-23). This protein is regulated by phosphorylation in M.
tuberculosis (22, 57, 61) but not in C. glutamicum, suggesting
that corynebacteria uses different cell elongation control mech-
anisms. In this study, we characterized a novel protein, con-
served almost exclusively in all Corynebacterium species and
overexpressed in the DivIVA-depleted strain. This protein,
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FIGURE 8. A, in vitro phosphorylation of C. glutamicum RsmP by corynebacte-
rial STPKs. The recombinant STPKs (Cg_PknA, Cg_PknB, and Cg_PknL) were
expressed and purified as described previously (33). Recombinant RsmP was
treated with the tobacco etch virus protease to remove the N-terminal His tag
and then incubated with [y-**PJATP and the different kinases. Samples were
separated by SDS-PAGE, Coomassie-stained (upper panel), and visualized by
autoradiography (lower panel). Upper bands illustrate the autokinase activity
of each STPK, and lower bands reflect RsmP phosphorylation. B, in vitro phos-
phorylation of RsmP mutants by Cg_PknA. The different RsmP mutants were
treated with the tobacco etch virus protease to remove the N-terminal His tag
and then used in phosphorylation assays in equal amounts in the presence of
[v-**PIATP and Cg_PknA. The RsmP_WT, RsmP_S6A, RsmP_T168A,
RsmP_T211A, and RsmP_S6A/T168A/T211A mutant proteins were separated
by SDS-PAGE and stained with Coomassie Blue (upper panel), and the radio-
active bands were revealed by autoradiography (lower panel).

TABLE 3

renamed here RsmP, corresponds to a coiled coil-rich protein
with a central rod domain of two coiled-coil segments flanked
by head and tail domains. This structural organization is similar
to those of DivIVA, CreS, and FilP proteins and resembles the
organization of eukaryotic intermediate filaments. In addition,
RsmP can polymerize to form filamentous structures in vitro
without the addition of any external cofactors, and in vivo the
RsmP structures extend from one cell pole to the other like
CreS. The structural organization of RsmP, the partial insol-
ubility of this protein, and its ability to polymerize sponta-
neously are archetypical characteristics of eukaryotic inter-
mediate filaments. Moreover, this protein is essential to C.
glutamicum cell viability, with overexpression and partial
depletion of the gene producing severe morphological alter-
ations, thus indicating that RsmP is involved in maintenance
of corynebacterial cell shape.

In eukaryotic cells, intermediate filaments are usually con-
trolled by different post-translational modifications such as
phosphorylation. In previous reports, we have characterized
the four STPKs of C. glutamicum and demonstrated that the
PknA and PknB kinases were involved in cell division and PG
biosynthesis. Moreover, different STPK substrates have been
identified and characterized as proteins involved in cell division
and PG biosynthesis thus confirming the critical role of Ser/Thr
phosphorylation in regulating such pathways (34, 62). There-
fore, we hypothesized that RsmP could be regulated via STPK
phosphorylation, and this was confirmed in this study by evi-
dence that corynebacterial PknA and PknL can phosphorylate
RsmP. To our knowledge, this is the first study of a bacterial
IF-like protein being regulated by phosphorylation as none of
the prokaryotic intermediate filament-like proteins (FilP, CreS,
and Ccrp) were described previously as being phosphorylated.

In vitro phosphorylation assays coupled with mass spectro-
metric analysis led us to identify three phosphorylated residues
in RsmP. None of them is located in the coiled-coil regions, and
apparently their replacement does not affect the RsmP poly-
merization ability, as it is the case with eukaryotic intermediate
filaments, where phosphorylation prevents polymerization of
tetramers into filaments (31). Determination of the phosphor-
ylation sites provided the essential groundwork for mechanis-
tic/functional studies on RsmP and demonstrated the efficacy
of combining genetics and mass spectrometric analyses with
precise identification of phosphoacceptors, a prerequisite for a
further understanding of the RsmP regulation. Moreover,
strains with defined mutations within the phosphorylation
sites will be extremely helpful in establishing the role of RsmP
phosphorylation-dependent regulation in corynebacterial
growth and cell division, and in fact, the localization pattern of
RsmP is affected by phosphorylation. Whereas overexpression

Sequence of the phosphorylated peptides identified in Cg3264 as determined by mass spectrometry
Phosphorylated residues are indicated with a p. M corresponds to an oxidized methionine. Residues originating from the His tag are underlined.

Phosphorylated tryptic and chymotryptic peptide sequence

No. of detected phosphate groups, LC-ESI/MS/MS

Phosphorylated residue(s)

((—3)—7) GSHMANPLpSK

((—3)—7) GSHMANPLpSKGWK

(163-191) MQESVpTKSM, DSLNQFGTQDSSVPTLDAVR
(

(

163-191) MQESVpTKSMDSLNQFGTQDSSVPTLDAVR
198-215) YADALGAQELTQNpTVSDR

1 Ser-6
1 Ser-6
1 Thr-168
1 Thr-168
1 Thr-211
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RsmP_WT

Phosphoablative mutant

Phosphomimetic mutant

FIGURE 9. GFP fluorescence C. glutamicum cells carrying plasmid pE_R-
smP-GFP (wild-type), pE_RsmPA-GFP (phosphoablative), and pE_R-
smPD-GFP (phosphomimetic). Note that the club-shaped cells of C. glu-
tamicum carrying either the plasmid containing the wild-type or
phosphoablative RsmP-GFP were replaced by rod-shaped cells in C. glutami-
cum carrying the phosphomimetic RsmP-GFP.

of the wild-type protein and the phosphoablative mutant
exhibit a similar localization forming an internal cytoskeleton
extending from one cell pole to the other, overexpression of the
phosphomimetic mutant results in localization predominantly
at the cells poles.

In light of these data, we propose two possible roles for RsmP
in C. glutamicum cell elongation. First, RsmP may be able to
polymerize from pole to pole to generate an internal scaffold
that supports the lateral wall during cell elongation, as it is the
case in B. subtilis or E. coli where this function is carried out by
actin-like MreB homologues (6, 63). Therefore, MreB function
may be provided by IF-like proteins in corynebacteria whose
genomes lack actin-like homologues (15-18). Phosphorylation
may then be involved in the control of RsmP polymerization
and subsequently in cell elongation. C. glutamicum has a well
known bacillary-to-coccoid pleomorphism during late expo-
nential growth phase (64). This pleomorphism has been linked
to bolA in E. coli (65, 66), but to date no other molecular factors
have been identified that would explain the cell-shape shift in
response to nutrient deprivation in other bacteria. Therefore,
PknA and PknL may phosphorylate RsmP under these condi-
tions to produce a larger number of smaller cells to distribute
the stress caused by starvation over a larger number of individ-
uals, increasing the probability of survival of at least a few of
them (67).

Alternatively, RsmP may be another element of the cytoskel-
etal structure recruited at the cell poles by DivIVA, which
directs PG synthesis for cell elongation in actinobacteria. In this
hypothesis, RsmP would provide an additional internal sup-
port, probably by protein-protein interaction through its
coiled-coil domains. Therefore, RsmP may be the substrate of
the Pkn-mediated signal transduction of the polar PG synthesis
complex in C. glutamicum. Indeed, the corynebacteria-specific
conservation of RsmP, the striking lack of DivIVA phosphory-
lation in corynebacteria (well documented in other actinomyce-
tes), the up-regulation of RsmP in DivIVA-depleted strains, and
the polar localization of the phosphomimetic mutant support a
corynebacteria-specific role of RsmP in polar PG synthesis.

In conclusion, the data reported here provide significant and
novel insight into the bacterial cytoskeleton and function of
cytoskeletal elements. Especially significant, this study con-
firmed that C. glutamicum possesses an original and specific
system for establishing and maintaining rod-shaped morphol-
ogy. Furthermore, these findings could be useful to extend our
present understanding in cell division and cell-shape determi-
nation in Gram-positive bacteria toward the design of new anti-
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microbial drugs. The essential protein RsmP could be a useful
target to combat emergent corynebacterial pathogens, espe-
cially the human pathogen C. diphtheriae.
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